type (MAT) genes. In addition to outcrossing under laboratory conditions, high levels of genotypic heterogeneity in field populations of this fungus suggest that outcrossing occurs in nature (4, 47) .
O'Donnell et al. (35) constructed a phylogeny for G. zeae based on the sequences of six genes and established seven phylogenetic lineages. Subsequent studies with more strains and more sequenced loci extended the number of lineages to 11, and the lineages were elevated to phylogenetic species status (36, 44, 46) . The phylogenetic species are morphologically cryptic and were distinguished based on DNA sequence polymorphisms. Members of some lineages are cross-fertile with strains of other lineages, which suggests that the members of all of the lineages may belong to a single biological species (5) .
The genome of G. zeae lineage 7 strain PH-1 was sequenced at the Broad Institute (Cambridge, MA), and an initial analysis has been published (9) . The current (third) genome assembly has a total length of 36.4 Mb and contains Ͼ13,000 annotated genes, 433 Ͼ2-kb contigs, and 31 supercontigs (SCs), with nearly 11ϫ genome coverage (http://www.broad.mit.edu). In addition, G. zeae lineage 7 strain Z-3639 has been partially sequenced with 24,072 shotgun reads representing 0.4ϫ genome coverage (http://www.broad.mit.edu).
A genetic map of G. zeae (19) was constructed from an outcross between nit mutants of strain Z-3639 and G. zeae lineage 6 strain R-5470. This map, referred to below as the Jurgenson map, was saturated with 1,048 polymorphic markers that mapped to 468 unique loci on nine linkage groups (LGs). The total map length was 1,286 centimorgans (cM), and the average interval between loci was 2.8 map units. The map was used to locate the gene controlling toxin type (deoxynivalenol or nivalenol) near the trichodiene synthetase gene (TRI5) on LG 1. These genetic conclusions were confirmed by Lee et al. (25) , who showed that TRI13 determines which toxin type is produced and that this locus is located in the trichothecene cluster near TRI5. Alexander et al. (1) used the map to locate Tri15 on LG 2, and Desjardins et al. (11) used the map to locate a diagnostic SCAR marker locus on LG 5. The genetic map also was used to map loci for pathogenicity and aggressiveness of G. zeae toward wheat (8) . A single quantitative trait locus for aggressiveness of G. zeae was detected near the TRI5 locus, and this quantitative trait locus was hypothesized to reflect the differential toxicity of deoxynivalenol and nivalenol. A pathogenicity locus (PATH1) segregated qualitatively and was tightly linked to PER1 (a locus for perithecial production), PIG1 (a locus for red pigmentation), and TOX1 (a locus for the amount of toxin produced).
Several questions were raised by the Jurgenson genetic map. (i) Why do five of the nine LGs show segregation distortion? (ii) Is recombination generally suppressed in this cross? (iii) Are unusual haplotype regions in two of the LGs large heterozygous inversions? (iv) Are PATH1, PER1, PIG1, and TOX1 the same locus? (v) Can the proposed locations of the nit1 and nit3 selectable markers be confirmed?
A second map of G. zeae (14) , referred to below as the Gale map, also has been published and was based on a cross between two closely related G. zeae strains, PH-1 and 00-676. This map has 235 loci with nine LGs, and the total length is 1,234 cM. One hundred sixty-eight sequence-tagged markers, many based on the genomic sequence, were used to align the Gale map with the first assembly of the genomic sequence of G. zeae. The nine LGs aligned with 22 SCs and were combined into four sets that were postulated to represent four chromosomes and to account for 99.8% of the first genome sequence assembly (14) . Most of the linkages and alignments were well supported, although some depended on one or two markers. Linkage maps are inherently subject to scoring errors, statistical ambiguities, and differences in distance and/or order depending on the markers included (14) . The assembly of sequence scaffolds also is subject to various errors and assumptions. Since the Gale map and the genome assembly were developed jointly (14) , independent verification of their sequence is needed. The Jurgenson map was developed independently of the genome sequence and can be used to evaluate the alignment of the physical genome with the Gale map. This evaluation can be made even though the Jurgenson and Gale maps cannot be compared directly because they share no genetic markers. However, the two maps can be compared indirectly by using the genomic sequence assembly as an intermediary.
Here we report alignment of the Jurgenson map with the third genomic DNA sequence assembly of strain PH-1. Our objectives in this study were (i) to validate the genetic map of G. zeae Z-3639 ϫ R-5470 (19) and resolve questions arising from this map, (ii) to verify the proposed sequence assembly and the alignments of LGs and SCs into chromosomes, and (iii) to compare the Jurgenson map with the Gale map.
MATERIALS AND METHODS
Genetic map and fungal strains. We used the genetic map of G. zeae based on the cross of Kansas lineage 7 strain Z-3639 (ϭ NRRL 29169) and Japanese lineage 6 strain R-5470 (19) . The parents and 99 progeny (FGSC 8632 to FGSC 8732) are available from the Fungal Genetic Stock Center (School of Biological Sciences, University of Missouri-Kansas City, Kansas City, MO; http://www.fgsc .net). Strain PH-1 (ϭ FGSC 9075) was obtained from Frances Trail, Michigan State University.
DNA protocols. DNA was extracted by using a cetyltrimethylammonium bromide procedure (28) . The DNA concentration was determined with a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and adjusted to 20 ng/l for PCRs. Standard procedures were used for restriction enzyme digestion, agarose gel electrophoresis, and Southern hybridization (41) .
Isolation and reamplification of AFLP markers. The protocol of Shan et al. (43) was modified slightly to amplify amplified fragment length polymorphism (AFLP) markers already placed on the genetic map. For each primer pair, AFLP gels were run following PCR amplification of sequences from the genomic DNA of G. zeae strains Z-3639, R-5470, and PH-1. Polymorphic bands were correlated with markers from the map. A dried AFLP gel and the autoradiograph obtained from it were aligned, and needles were used to mark the polymorphic fragments. The portion of the gel containing the targeted DNA was excised with a razor blade. Each gel slice was placed in a PCR tube with 20 l of sterile water and incubated overnight at 4°C. Two microliters of each sample was used for reamplification with an MJ PTC-200 thermocycler (MJ Research, Watertown, MA). The reaction was performed using a 30-l (total volume) mixture as follows: 1 min at 94°C, followed by 30 cycles of 30 s at 94°C, 1 min at 56°C, and 1 min at 72°C and then a final extension at 72°C for 10 min. The corresponding unlabeled selective AFLP primers were used to prime the reaction. A 10-l aliquot of each PCR product was resolved on a 1.5% agarose gel to estimate the band size and number.
Sequencing of AFLP fragments and selection of clones. Thirty-one reamplified PCR products were sequenced directly with an ABI 3700 DNA analyzer at the DNA sequencing facility at Kansas State University after purification with a PCR clean-up system (Promega, Madison, WI). Ninety-eight fragments were cloned into a pGEM-T Easy vector (Promega). Three clones were selected and sequenced for each of these 98 fragments.
For selected markers, we designed extended AFLP primers with three additional bases on each end to confirm the presence of polymorphism in the progeny. The PCRs were performed under the conditions described above with an annealing temperature of 59 to 64°C depending on the primer pair.
The program AFLPinSilico (40) was used with the G. zeae PH-1 genomic database to generate virtual AFLP marker bands. Sequenced clones were compared with bands from the virtual AFLP analysis to confirm their presence and size. Cloning of AFLP fragments revealed a systematic bias in the previous marker size estimates (19) . The corrected size as a function of the previous estimate was determined by using the equation y ϭ 0.9107x ϩ 28.843 (R 2 ϭ 0.9831).
Mapping of nuclear genes. The following seven structural genes were mapped: the genes encoding an elongation factor (EF-1␣), phosphate permease (PHO), trichodiene synthetase (TRI5), trichothecene 3-O-acetyltransferase (TRI101), a regulator of trichothecene biosynthesis (TRI15), a putative reductase (RED), and mitogen-activated protein kinase (MGV1). TRI5 was mapped previously by using restriction fragment length polymorphisms (19) . Six genes were mapped by using cleaved amplified polymorphic sequences. Each gene was amplified from both parental strains with specific primers. Except for the MGV1 primer sets, all of the primers used were primers described by O'Donnell et al. (35) . The primers for MGV1 were designed for this study (forward primer, 5Ј-CACAAATACACCA TGGGCGACCTA-3Ј; reverse primer, 5Ј-GACACCCTGGCCCTGAAGACCT C-3Ј) and synthesized by IDT (Coralville, IA). Amplified DNA fragments were sequenced after purification with a PCR clean-up system (Promega). Sequences from both parental strains were compared to identify polymorphic restriction sites. Cleaved amplified polymorphic sequence markers for each gene were scored for all 99 progeny of the mapping population used to construct the genetic map (19) . The genes were placed on the genetic map using Map Manager QTX11 (http://mapmgr.Roswellpark.org/mmPTX) and a Macintosh G4 Power PC computer (31) .
Location of nit1 and nit3. assimilation transcription factor) from Neurospora crassa, the homologs of nit1 and nit3 in Fusarium (22) , respectively, were used to search the Fusarium group database (www.broad.mit.edu). Candidate genes were deleted by split marker recombination (7) , and deletion mutants were characterized on phenotyping media for nit mutants (28) . Alignment of maps. The sequenced genetic markers were found in the third genome assembly of G. zeae with BLASTN (2), and the genetic map and the genome assembly were aligned manually. Average recombination rates were obtained by dividing the total linkage distance (in cM) by the total physical length (in Mb) for each chromosome. The estimates were not adjusted for gaps between
LGs or SCs or for differences in marker density. Chromosome regions with high or low recombination rates were identified by comparing physical and genetic distances ( Fig. 1 and Table 1 ).
RESULTS
Sequencing and alignment. One hundred twenty-nine AFLP bands were isolated from strains Z-3639, R-5470, and PH-1 and sequenced (see the supplemental material). Of the 98 markers cloned from AFLP bands, 70 were represented by three matching subclones and 28 were represented by two or three different subclones. Virtual AFLPs were used to choose the correct clone from among each of these 28 sets of fragments by comparing the sequence of the clone with bands predicted by the virtual AFLP analysis. For example, the marker band designated EAAMAA0315J from R-5470 was not observed in either Z-3639 or PH-1. This marker band yielded two subclones, one of which was 282 bp long and one of which was 283 bp long. The virtual AFLP based on the PH-1 genome did not contain the 283-bp fragment but did contain the 282-bp fragment. Thus, the 283-bp clone was associated with EAAMAA0315J.
One hundred twenty-nine AFLP sequences were blasted on the third genome assembly. One hundred nineteen AFLP sequences had hits on the genome assembly. Two AFLP sequences from R-5470 were in the excluded reads in the G. zeae sequencing project, which included highly repetitive sequences and rRNA genes. None of the AFLPs in this study had CC CTAA sequence repeats that are characteristic of fungal telomeres (29) . PCR amplification with three additional bases showed that 11 of the 119 AFLP bands were monomorphic in the parents and that the wrong AFLP band had been cloned. These bands were discarded. For the 108 remaining AFLP sequences, 100 markers were present in their entirety in the genome assembly with 83 to 100% identity (Table 1) . Eight markers (one from PH-1, two from Z-3639, and five from R-5470) were present as an incomplete sequence in the genome assembly (Table 1) . In all cases, single copies of marker sequences were present in the genomic sequence.
The 108 AFLP markers and seven structural genes were used to align the genetic map LGs with the physical map SCs.
LG 1, LG 7, LG 8, and LG 9 aligned with SC 3.2 and SC 3.5;
LG 2 aligned with SC 3.3, SC 3.8, and SC 3.9; LG 3 aligned with SC 3.4 and SC 3.6; and LG 4, LG 5, and LG 6 aligned with SC 3.1 and SC 3.7 ( Fig. 1 ). These alignments suggested that several LGs could be combined. The nine LGs identified in the Jurgenson map (19) were reanalyzed and reduced to six LGs.
LGs 7 and 8 were merged into LG 1, and LG 6 was merged into LG 5 in the new genetic map ( Fig. 1 and Table 2 ). The combination of LGs also resulted in some changes in marker order.
Markers without hits in the genome database. Eight AFLP markers (four from Z-3639 and four from R-5470) were not found in either the genome assembly or the excluded reads in the genomic database and did not have significant hits in either a BLASTN or BLASTX search against sequences of other organisms in the NCBI database (http://www.ncbi.nlm.nih.gov/). Two of these markers (EATMCA0383J and EAAMTG0323J) were located near the end of LG 5, which aligned with the distal end of SC 3.1 (Fig. 1 ). EAAMAG0123K and EAAMCA0680J were located on LG 1 and aligned with the proximal end of SC 3.5 and the distal end of SC 3.2, respectively. The other four markers (ETGMGA0314K, EAAMGC0142J, EATMGA0624K, and EAAMAT0513K) were closely linked near the end of LG 2, which aligned to the distal end of SC 3.3. All four of these markers hybridized in Southern hybridizations with genomic DNA of R-5470, Z-3639, and PH-1.
Localization of nit1 and nit3. The best BLASTP hit in the G. zeae genome for the nitrate reductase gene of N. crassa was FGSG_01947.3 (57% identity; E value, 0.0) on SC 3.1. FGSG_01947.3 previously was annotated as the nitrate reductase gene in the genomic database. FGSG_01947.3 was deleted by split marker recombination, and deletion mutants had the nit1 phenotype, confirming that FGSG_01947.3 is nit1.
The best BLASTP hit for the nitrate assimilation transcription factor gene of N. crassa was FGSG_02799.3 (29% identity; E value, 3e-72) on SC 3.2. However, FGSG_02799.3 deletion mutants did not have the nit3 phenotype, indicating that FGSG_02799.3 is not the nit3 gene in G. zeae. Homologs of the nitrate assimilation transcription factor gene in N. crassa were annotated in the recently released genomic assemblies of Gibberella moniliformis (anamorph, Fusarium verticillioides) and Fusarium oxysporum as sequences FVEG_04246.3 and FOXG_06396.2, respectively. BLASTN analysis with FVEG_04246.3 identified homologous sequences at positions 1894169 to 1894902 (734 bp; 83% identity; E value, e-133) and 1896619 to 1896967 (349 bp; 82% identity; E value, 3e-51) on SC 3.3 of G. zeae. A 486-bp piece of the larger sequence fragment was annotated previously as the predicted protein FGSG_12715.3 gene and is homologous to the 3Ј end of FVEG_04246.3. The 349-bp sequence is homologous to the 5Ј end of FVEG_04246.3. The middle portion of the gene was not found in the genomic sequence. The 734-and 349-bp sequences are on the ends of contigs 3.176 and 3.177, respectively. The automated annotation of the genome using the GeneTransfers feature postulated a 1.5-kb gap between the contigs, which corresponds to the middle of the putative gene. G. moniliformis, F. oxysporum, and G. zeae all had genes similar to xlnR, which encodes a xylanase regulatory protein, immediately downstream of the gene encoding the putative nitrate assimilation transcription factor. All three species also had genes similar to CTF18 (chromosome transmission fidelity) and NAM9 (mitochondrial ribosomal component) immediately upstream of the gene. Therefore, the sequence identity and microsynteny in the region are consistent with the identification of FGSG_12715.3 as a partial sequence of the nit3 gene of G. zeae.
Recombination rates. The average recombination rates were 28.1, 42.3, 30.9, and 25.6 cM/Mb for chromosomes 1, 2, 3, and 4, respectively. Regions with high recombination rates were noted on chromosome 1 from approximately locus 6K to VOL. 74, 2008 ALIGNMENT OF G. ZEAE MAPS 2351 locus 4T, on chromosome 2 from the reductase gene to EAAMGC0387K, on chromosome 3 from locus 2A to locus 2J, and on chromosome 4 from locus 3A to EAAMCA0271J and from TRI101 to EAAMTG0506K. Regions with low recombination rates were noted on chromosome 1 from approximately locus 5E to locus 6K, on chromosome 2 from locus 7P to the reductase gene and from locus 9N to locus 9B, on chromosome 3 from locus 2J to locus 2T, and on chromosome 4 from LGs on the genetic map are designated LG1 to LG9. The original LG 6 was combined with LG 5; LG 7 and LG 8 were combined with LG 1.
LGs were drawn using a different scale for each chromosome to facilitate views of alignment. Markers at the ends of LGs are shown for reference. Marker information is shown in EAAMCA0271J to TRI101 and from EAAMTG0506K to ECCMGT0482K.
DISCUSSION
We used 108 sequenced AFLP markers and seven structural genes to align the Jurgenson genetic map (19) with the third assembly of the genomic sequence of G. zeae strain PH-1. Based on the alignments, three LGs could be combined with other LGs, which reduced the total number of LGs from nine to six and the map length from 1,286 to 1,140 cM ( Table 2 ).
The revised genetic map anchored 36.1 Mb (99.2%) of the genomic sequence assembly and arranged the LGs and SCs into the same four sets reported by Gale et al. (14) . Thus, our results provide independent verification of the composition of the four chromosome haplotypes of G. zeae.
Based on patterns in progeny haplotype diagrams and an excess of even-numbered crossovers, Jurgenson et al. (19) postulated that there were heterozygous inversions from locus 2F to locus 2AJ on LG 2 (chromosome 3) and from locus 4C to locus 4P on LG 4 (chromosome 1). The alignments with the physical map showed apparent inversions for both LG 2 (locus a The markers were designated in previous work (19) using the nomenclature EXXMYY0000Z, where EXX indicates the EcoRI primer (E) with two additional selective nucleotides (XX), MYY indicates the MseI primer (M) with two additional selective nucleotides (YY), the four-digit number is an estimate of the size of the band (in base pairs) (see the text for the size correction equation), and Z is either J or K and indicates the parent that was the source of the "band present" allele or was the source of the larger band of a size polymorphism. 2T to locus 2AE) and LG 4 (locus 4C to locus 4K) that are within the regions predicted by Jurgenson et al. (Fig. 1) , confirming the existence of two large heterozygous inversions in this cross. It was not possible to determine which parent has an inversion relative to the PH-1 physical sequence from the map alignment. However, inversions were not detected in the alignment of the Gale map involving parent strains PH-1 and 00-676. Z-3639, PH-1, and 00-676 all belong to lineage 7, so the inversions relative to the physical sequence probably are in R-5470, which belongs to lineage 6. Two additional small regions of nonsynteny involving more than one marker were found on LG 1 (chromosome 2) between the ECCMGT0714J and 7P loci and on LG 3 (chromosome 4) between the 3X and EATMGA0123J loci. These regions could result from small chromosome rearrangements in either parent strain compared to strain PH-1 or from errors underlying either the linkage or the physical map. The regions are too small for the alternative explanations to be resolved by comparison to the Gale map alignment or to the progeny haplotypes.
Cumagun et al. (8) analyzed the mapping population used to generate the Jurgenson map and described a pathogenicity locus, PATH1, closely linked to loci for perithecium production (PER1), red pigmentation (PIG1), and the amount of toxin produced (TOX1). These loci map near locus 4A on LG 4 adjacent to the inversion or, with a slightly lower LOD score, near locus 4P at the other end of the inversion (8) . The knockout phenotype of the mitogen-activated kinase gene, MGV1, includes pleiotropic effects on pathogenicity, perithecium formation, pigmentation, and trichothecene toxin accumulation (17) . Cumagun et al. (8) postulated that MGV1 might be the same locus as PATH1, PER1, PIG1, and TOX1, with the apparent linkage distances between the loci resulting from phenotyping errors. In the present study, we mapped MGV1 near locus 4P (Table 1 and Fig. 1 ), which strongly supports the hypothesis of Cumagun et al. (8) . Chromosome rearrangements are frequently associated with readily detected mutant phenotypes (37, 38) . All four putative mutant phenotypes (low pathogenicity, lack of perithecia, lack of red pigment, and low toxin production) originated in the R-5470 parent, so the same genetic event(s) may have resulted in both the inversion and the mutant phenotypes. In such a case, the inversion on chromosome 1 would not be typical of lineage 6 strains.
With the exception of the inversions, the colinearity of the genetic map and the physical map was very high (Fig. 1) . The physical locations of TRI5, TRI15, and the SCAR marker were consistent with the previous linkage analyses (1, 11, 19) . The structural genes MGV1, PHO, RED, and TRI101 also were located in expected positions on the physical map. Several markers, including EF-1␣, were located in nonsyntenous positions, which could be explained by linkage mapping errors, errors in cloning AFLP bands, chromosome rearrangements, or gene transposition. The proportion of nonsyntenous single markers was similar to that seen in map alignments for G. moniliformis and N. crassa, which is higher than that seen for the Gale map but which was much less than that for Magnaporthe grisea (http://www.broad.mit.edu). Different researchers may use different criteria for excluding anomalous markers, which could alter the interpretation of these comparisons. In the present study, no markers were excluded due to anomalous alignment results.
Eight AFLP markers from the cross (four from each parent) were not found in the genome assembly ( Table 1) . Four of these markers (three from Z-3639 and one from R-5470) occur in a region at the end of LG 2 (Table 1) . Based on Southern hybridizations, Z-3639, R-5470, and PH-1 all contain these four fragments, which suggests that at least 150 kb of SC 3.3, corresponding to 5 cM of LG 2, could be missing from the genome assembly of PH-1. The other four markers (the 6A, 6E, 7B, and 9D loci) not found in the PH-1 genomic sequence were located in regions that correspond to the ends of SCs, suggesting that the genome database may be missing terminal or subterminal portions of SC 3.1, SC 3.5, and SC 3.2.
Eight AFLP markers were present as partial sequences in the PH-1 genomic sequence ( Table 1) . Two of these markers were cloned from the Z-3639 parent, one was cloned from PH-1, and five were cloned from R-5470. The partial sequence hit of the marker cloned from PH-1 (EATMCG0165K [ϭ locus 5K]) suggests that the genome assembly may be incomplete near this fragment. Another partial sequence marker (EATMCA0377J [ϭ locus 3B]) was aligned in a nonsyntenous position on chromosome 4 (Fig. 1) . This result could be explained by transposition of a sequence fragment in one of the strains. Two fragmented markers (EGAMAT0378K [ϭ locus 4F] and EGAMTA0339J [ϭ locus 4K]), one from each parent, were located in the LG 4 inversion on chromosome 1. The partial sequence marker EAAMAA0675K (ϭ locus 7B) was completely linked on LG 1 to marker EAAMAG0123K (ϭ locus 7B), which was missing in the PH-1 genomic sequence. It is possible that PH-1 has a deletion involving both markers. Locus 7B aligns with contig 3.269, which also contains the MAT locus.
Segregation distortion on LG 4 and LG 5 resulted from the nit mutant selection method used to obtain the progeny (19) . Progeny were selected for wild-type alleles at both nit loci, and segregation distortion of adjacent markers was expected. nit1 is located on SC 3.1 and aligns near locus 4AC on LG 4, as predicted by Jurgenson et al. (19) . The map alignments combined LG 4 and LG 5 into chromosome 1, and thus selection for nit1 can explain the previously reported segregation distor- tion toward the Z-3639 wild-type allele at the ends of LG 4 and LG 5 near the middle of chromosome 1. Segregation distortion on LG 2 also can be explained by the selection for nit mutants. Jurgenson et al. (19) predicted that nit3 was located at the end of LG 2 because the region from approximately locus 2A to locus 2M is highly skewed toward the R-5470 parent, which has the wild-type nit3 allele. Based on sequence identity and microsynteny, we identified the putative homolog of nit3 on SC 3.3 in a physical position that aligns with the region between the 2J and 2N loci on LG 2. Segregation distortion toward the R-5470 allele also occurred at the opposite end of LG 2. The large inversion on LG 2 had breakpoints near nit3. The crossover suppression phenotype associated with the inversion could increase the size of the distorted region, as there would be fewer surviving progeny associated with crossovers in this region than would normally be expected. This carryover effect would be more pronounced at the ends of the inverted region than in the middle. Thus, selection for a wild-type nit3 allele can account for the skewing of segregation at both ends of LG 2.
Unexplained segregation distortion remains in two regions. There is an excess of R-5470 alleles at the distal end of chromosome 1 (LG 5) near locus 5E. Similarly, moderate distortion toward the R-5470 allele on chromosome 4 (LG 3) from about locus EATMGA0123J to locus EAAMCA0174K is unexplained. This region corresponds to the distal two-thirds of SC 3.4. Gale et al. (14) found two clusters of significantly skewed markers on chromosome 1, two clusters on chromosome 3, and one cluster on chromosome 4. One of their clusters on chromosome 1 coincides with the nit1 locus. However, none of the other distorted regions on the Gale map coincides with the regions on the Jurgenson map.
Jurgenson et al. (19) reported recombination suppression of four LGs based on an excess of nonrecombinant haplotypes in the progeny (former LG 6, 62%; LG 7, 61%; LG 8, 56%; and LG 9, 75%). However, alignment of genetic and physical maps into chromosomes greatly reduced the frequency of nonrecombinant haplotypes ( Table 2 ). The revised estimates range from 4 to 33% and are similar to estimates of nonrecombinant chromosome frequencies in the mapping cross for G. moniliformis (20) . Inspection of haplotype diagrams suggested that nonrecombinant chromosome haplotypes were rare in the Gale mapping population (14) .
Several regions with relatively high or low recombination rates were discernible when the genetic linkage distances were compared to the physical sequence distances (Fig. 1) . The subterminal region of chromosome 1, which corresponds to the middle of LG 5, exhibited relatively little recombination in our map and the Gale map. We found a region with a high recombination rate near the middle of chromosome 1 that coincided with a region identified by Gale et al. (14) . This region also is a region with high single nucleotide polymorphism (SNP) density for PH-1 and Z-3639 (9). The unadjusted average recombination rate in our map for chromosome 1 is 28.1 cM/Mb, while the corresponding estimate for the Gale map is 31.9 cM/Mb. Chromosome 2 of our map and chromosome 2 of the Gale map have very similar recombination patterns. Both have low recombination rates in the region corresponding to SC 3.5, higher-than-average recombination rates in the middle of the chromosome, and a small region with a low rate of recombination corresponding to the subterminal portion of SC 3.2. SC 3.5 contains the MAT locus, and this might explain the low recombination rate in that region. Recombination suppression has been reported for chromosome 1 of the pseudohomothallic species Neurospora tetrasperma (16) , where mating type is included in a large genomic region that does not pair properly during meiosis (13, 16, 33) . Mating type locus-related recombination suppression also has been reported in the basidiomycetes Ustilago hordei (24) and Cryptococcus neoformans (26) . If G. zeae has chromosomal rearrangements around the mating type locus (e.g., the rearrangement possibly associated with locus 7B), then recombination suppression such as that observed in N. tetrasperma is to be expected, especially if the rearrangement is small enough that multiple crossover events in the rearranged region are rare. The average recombination rate in our map for chromosome 2 is 42.3 cM/Mb, while the corresponding estimate for the Gale map is 45.3 cM/Mb. This recombination rate is the highest rate for any of the four chromosomes.
Chromosome 2 was the most polymorphic chromosome in our study, and the numbers of polymorphic AFLP markers per Mb of physical sequence were 25, 38, 26, and 27 for chromosomes 1, 2, 3, and 4, respectively. Cuomo et al. (9) correlated a large region with a high rate of recombination in the middle of chromosome 2 with high SNP density and suggested that interstitial regions with high SNP density could represent telomere locations of ancestral chromosome fusions. The polymorphic trichothecene cluster (25, 46) , which is important for virulence to plants (39) , and a quantitative trait locus for pathogen aggressiveness (8) map to the middle of chromosome 2. This region is polymorphic in both the Gale and Jurgenson maps, but toxin type (deoxynivalenol or nivalenol) and pathogen aggressiveness are known to segregate only in the Jurgenson mapping population (8, 19) .
The recombination rate was high in the terminal region of chromosome 3 corresponding to the distal end of SC 3.3 and low for the middle of the chromosome comprising the rest of SC 3.3. Gale et al. (14) reported the same recombination pattern and suggested that a 2-Mb region with a very low recombination rate in the middle of chromosome 3 might contain an inversion in their cross. They found high recombination rates in the terminal region corresponding to SC 9. The large heterozygous inversion on chromosome 3 in our cross prevents accurate estimates of recombination rates for the regions corresponding to SC 8 and SC 9. Chromosome 3 had the greatest frequency of nonrecombinant chromosomes in our mapping population (33%). All of the nonrecombinant chromosomes had the R-5470 haplotype, presumably due to the nit3 selectable marker on this chromosome. The inversion on chromosome 3 apparently amplified the influence of the nit marker selection across a large region. This effect is similar to a model described by Livingstone and Rieseberg (30) in which the effects of genes responsible for reproductive isolation during the early stages of speciation are extended across entire chromosome rearrangements. The average recombination rate in our map for chromosome 3 is 30.9 cM/Mb, while the corresponding estimate for the Gale map is 30.3 cM/Mb. Chromosome 4 had low recombination rates in the region corresponding to the middle of SC 3.6, high recombination rates near the middle of the chromosome on SC 3.4, and low recombination rates in the distal portion of SC 3.4. Our depiction of chromosome 4 ( Fig. 1) is inverted compared to that presented by Gale et al., but the results are very similar. Gale et al. (14) located the rRNA gene cluster at the distal end of SC 3.6. Cuomo et al. (9) correlated the high-recombination region in the middle with high SNP diversity. The average recombination rate in our map for chromosome 4 is 25.6 cM/ Mb, while the corresponding estimate for the Gale map is 29.2 cM/Mb.
O'Donnell and coworkers (14, 36, 44) used several properties of the Jurgenson map to support their conclusion that the parents of the cross differed enough to belong to two different species, F. graminearum (Z-3639) and Fusarium asiaticum (R-5470). The properties that they cited as indicative of an interspecific cross included (i) the presence of nine LGs rather than the four cytologically determined chromosomes of F. graminearum (18, 45) , (ii) high levels of segregation distortion in five of nine LGs, (iii) two large chromosome inversions, (iv) differences in gene order compared to the physical sequence, (v) recombination suppression in four LGs, (vi) a significant number of marker orthologs that are not shared by parental strains of the cross, and (vii) reduced cross fertility.
The alignment of the genetic and physical maps into chromosomes and the comparison of the revised Jurgenson map to the Gale map enabled reassessment of these issues. (i) In both genetic maps, there were nine LGs that aligned the same SCs into four chromosomes, so the basic chromosome complement is the same in the two maps. In our present map the number of
LGs is reduced from the nine LGs in the Jurgenson map to six
LGs. (ii) Selection for nit markers could explain the observed segregation distortion except for two regions at the ends of chromosomes 1 and 4 in our map. Segregation distortion is not unusual in intraspecific crosses and also occurred in the Gale map at four marker clusters. (iii) The Jurgenson map has two confirmed inversions. (iv) Except for the two inversions, the marker colinearity of our map with the physical sequence was very good (Fig. 1) , even within the inverted regions. (v) The Jurgenson map alignment has large regions with low recombination rates that correspond to similar regions of recombination suppression in the Gale map. The average recombination rates were similar in the two maps for each chromosome. Our mapping population contained more chromosomes with nonrecombinant haplotypes than the population used to construct the Gale map, but it was similar to the population seen in the G. moniliformis intraspecific mapping cross (20) . (vi) O'Donnell et al. (36) suggested that a significant number of AFLP marker orthologs are not shared by parental strains of the Jurgenson mapping cross because they were not found in the PH-1 sequence. However, four of eight AFLP markers not found in the PH-1 sequence database were from Z-3639 and four were from R-5470, so AFLP bands from both parents had equal chances of "no hits" on the PH-1 database (Table 1) . (vii) The fertility of our lineage 6 ϫ lineage 7 cross was relatively low, as indicated by the low percentage (Ͻ1%) of heterozygous perithecia produced on crossing plates (19) . Crossfertility is difficult to measure in a selfing organism unless efforts are made to prevent selfing from occurring. We took no such precautions in these crosses as we were relying on the presence of prototrophic recombinant progeny to generate our mapping population. Bowden and Leslie (5) did observe intermediate to high levels of fertility, however, in crosses of strain R-5469 (ϭ NRRL 13818; lineage 6) and strain Z-3636 (lineage 7) or Z-3639, which indicates that low fertility is not a necessary outcome of lineage 6 ϫ lineage 7 crosses.
The only potential evidence for species-level differentiation of the Jurgenson mapping parents in the analysis described above is the two large inversions, whereas the Gale map alignment has no confirmed rearrangements. However, interpretation of the two inversions as evidence of species differentiation is problematic for several reasons. First, karyotype variation and chromosome rearrangements are not uncommon in filamentous fungi (3, 38) . Asexual and homothallic sexual reproduction should be unaffected by balanced chromosome rearrangements, so G. zeae may be relatively tolerant of rearrangements compared to obligately outcrossing heterothallic fungi. Second, it is not clear that the Gale mapping population lacked chromosome rearrangements. Gale et al. (14) suggested that there might be an inversion on chromosome 3 based on the extensive recombination suppression in the middle of the chromosome, but this hypothesis has not been tested. Third, the parents of the Gale cross appeared to be very closely related and may not have adequately represented population variation for chromosome rearrangements in strains belonging to lineage 7. Fourth, the inversion on chromosome 1 of the Jurgenson map appeared to be associated with mutant phenotypes in R-5470. Thus, the inversion may not have been typical of lineage 6 strains as most field strains do not carry these mutations. Finally, there is ambiguity about which parent in the Jurgenson mapping cross harbored the inversion relative to the PH-1 sequence. More information about chromosome rearrangements at the population level is needed to determine which, if either, of these inversions is fixed in the various lineages.
Detecting and confirming chromosome rearrangements in these fungi are currently difficult. We used patterns in progeny haplotype diagrams and alignments of genetic and physical maps to identify and/or confirm rearrangements. Gale et al. (14) suggested that a large region of suppressed recombination could indicate an inversion. Unfortunately, these methods of detection are laborious and cannot detect smaller rearrangements that might be more common. Faster and easier methods are needed to survey for chromosome rearrangements in this group. Gale et al. (14) suggested that inversions in this fungus could be detected cytologically by using pachytene analysis of chromosome pairing, but cytological studies of fungal chromosomes are difficult even in well-developed systems, such as Neurospora. In Neurospora, chromosome rearrangements are routinely detected by patterns of dark-colored viable ascospores and light-colored nonviable ascospores produced in heterozygous crosses (37, 38) observed initially with a dissecting microscope. A similar strategy could be developed for G. zeae by using the relative frequencies of asci with four, six, and eight mature ascospores produced in heterozygous crosses. However, even if this strategy is successful, the rearrangements identified are likely to be relatively large. Thus, a complete inventory of chromosome rearrangements probably will not be available until there is additional whole-genome sequencing for this group.
In summary, the availability of the genomic sequence of G. zeae enabled us to compare simultaneously the Jurgenson genetic map, the PH-1 physical map, and the Gale genetic map. VOL. 74, 2008 ALIGNMENT OF G. ZEAE MAPS 2357
The Jurgenson map and the physical sequence validate each other, while they also reveal some problems in each data set. Alignments to the physical map were used to reduce the number of LGs to six and to combine the LGs into four chromosomes, while largely resolving the outstanding questions about segregation distortion and recombination suppression associated with the Jurgenson map. On the other hand, several potential gaps in the genomic sequence were identified based on missing markers from the linkage map. The physical sequence also allowed indirect comparison of two genetic maps that share few markers and that cannot be compared directly. The only two significant differences detected between the maps were the heterozygous inversions on chromosomes 1 and 3 in the Jurgenson map. The average recombination rates for each chromosome were comparable in the two studies, and regions with high and low recombination rates were located in analogous regions. Overall, the similarity between the linkage maps was remarkable considering the large differences in the degree of polymorphism, marker types, and methods of map construction. Despite an inferred history of genetic isolation between lineages 6 and 7 (35, 36) , the chromosomes of these lineages are homologous and are capable of recombination along their entire lengths. The availability of two detailed genetic maps and a physical sequence for G. zeae means that this system can be used to study both basic questions (e.g., centromere structure and the regulation of recombination) and questions of applied importance (e.g., mechanisms underlying fertility, fitness, and toxigenicity).
